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A D-Amino Acid Peptide Inhibitor of NF-kB Nuclear 
Localization Is Efficacious in Models of Inflammatory Disease 

Sheri M. Fujihara, Jeffrey S. Cleaveland, Laura S. Grosmaire, Karen K. Berry, 

Karen A. Kennedy, James J. Blake, James Loy, Bruce M. Rankin, Jeffrey A. Ledbetter, and 

Steven G. Nadler^ 

The transcription factor NF-kB regulates many genes involved in proinflammatory and immune responses. The transport of 
NF-kB into the nucleus is essential for its biologic activity. We describe a noveU potent, and selective NF-kB inhibitor composed 
of a cell-permeable peptide carrying two nuclear localization sequences (NLS). This peptide blocks NF-kB nuclear localization, 
resulting in inhibition of cell surface protein expression, cytokine production, and T cell proliferation. The peptide is efficacious 
in vivo in a mouse septic shock model as well as a mouse model of inflammatory bowel disease, demonstrating that NF-kB nuclear 
import plays a role in these acute inflammatory disease models. The Journal of Immunology, 2000, 165: 1004-1012. 



Nuclear factor-KB is an inducible transcription factor 
comprised of homo- and heterodimers of p50, p65, p52, 
relB, and c-reJ subumts whose elFects on cells of the 
immune system have been widely studied (1-7). NF-kB is ex- 
pressed as a cytosolic protein that translocates to the nucleus fol- 
lowing ceD activation, where it regulates the expression of a num- 
ber of genes whose products arc involved in inflammation, 
lymphocyte activation, and cell growth and differentiation. There- 
fore, inhibitors of NF-kB are important for the control of proteins 
involved in the amplification and perpetuation of chronic inflam- 
matory disease ( I ). A number of NF-kB inhibitors have been de- 
scribed to date, including glucocorticoids (8), aspirin (9), gliotoxin 
(10), antioxidants such as pyrrolidine dithiocarbamate (PDTC) and 
acetylcysteine (11), and the cytokine IL-10 (12-13). However, glu- 
cocorticoids have endocrine and metabolic side effects when given 
systemically at high doses and for long periods of time. Antioxi- 
dants are relatively weak, short-lived, and affect kinase and phos- 
phatase activity (14). 

We report here a promising new approach to NF-kB inhibition 
using intracellularly targeted peptide inhibitors of nuclear translo- 
cation. They use short amino acid sequences termed nuclear lo- 
calization sequences (NLSs)^ (15-20), which mediate nuclear pro- 
tein import. There are at least two categories of NLS; "simple," 
containing five to seven residues, or "bipartite," consisting of two 
sets of positively charged residues separated by 10-11 aa (15). 
While there is no universal consensus sequence among the known 
NLSs, they generally contain at least two basic amino acids which 
constitute the core of the NLS (15). The amino acid sequence of 
each NLS is specific and essential for its function; point mutations 
of critical basic residues destroy nuclear targeting activity (2 1 , 22). 
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Facilitated nuclear import is a receptor-mediated process involv- 
ing NLS-binding proteins, called karyopherins, which reside in the 
cytoplasm and at the nuclear pore (19). Several other cytoplasmic 
factors have also been shown to play a role in this process, includ- 
ing plO, Ran, and Hsc70 (23-25). Previous studies using the im- 
munosuppressive drug deoxyspergualin, which has some structural 
similarities to the core NLS, have demonstrated that this agent 
inhibits nuclear traiLsport of the transcription factor NF-kB perhaps 
by interfering with Hsc70-mediated nuclear import (26, 27). We 
have shown previously that distinct NLSs have varying affmities 
for the different forms of karyopherin a and that the different af- 
fmities play a major role in driving nuclear transport (28). Collec- 
tively, these studies suggesled that 1 ) transcription factor nuclear 
transport plays a critical role in influencing cellular immune pro- 
cesses (29) and 2) inhibitors of nuclear translocation may be se- 
lective for NF-kB. We proposed that NLS peptides could be de- 
signed that would competitively inhibit the interaction between 
NT-kB and karyopherins and lead to an inhibition of the activa- 
tion-induced transport of this transcription factor to the nucleus. 

Other groups have shown that microinjection or treatment of 
cells with NLS peptides could inhibit nuclear transport in vitro (30, 
31). The peptide we designed uses NLS sequences that alter the 
interaction of NF-kB with karyopherin a and block its transport 
into the nucleus. The NLS peptides are delivered into the cell by 
an amino acid sequence derived from fibroblast growth factor, 
which confers cell membrane permeability (32-34). Other exam- 
ples of peptides that translocate through membranes include se- 
quences from Antennapedia homeodonnain, HIV Tat, and the HSV 
sU^ctural protein VP22 (33, 35). 

Our peptide approach is dilferent from the studies reported by 
Lin et ai. (32) for several reasons. First, we used two NLSs. one on 
cither end of the fibroblast growth factor translocation sequence. 
The cloning of karyopherin a and a recently published crystal 
structure shows that at least two NLSs can bind to a single mol- 
ecule of karyopherin a (36). Therefore, we rationalized that de- 
livery of multiple NLS peptides on a single molecule would have 
a much higher affinity for karyopherin a than a single NLS. Sec- 
ondly, we synthesized the peptide in the D-amino acid form be- 
cause it is known that u-form peptides are metabolized more 
slowly and are more resistant to proteolysis than their L-form coim- 
tcrparts. Finally, in contrast to the studies by Lin et al. (32), our 
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smdies focused on hiologicai events downfitreanri of NF-kR nu- 
clear localization in cells of the inmiune system. This study dem- 
onstrates the efficacy of cell-permeable NLS peptide-induced in- 
hibition of NF kB activation in modulating imiimne responses in 
vivo and in vitro. 

Materials and Methods 

Peptides 

Peptides were synthesized on a Gilson multiple peptide syntlicsi/er using 
F-moc (37) amino acids and purified by 0,^ reverse -phase HPLC All 
peptides w^re analyzed by nuvi^ .spexLrometry and yielded Uie collect m.w. 

Cells and reagents 

Tht munne pre-B cell line 70Z/3 (American Type C^ulture Collection, Ma- 
nassas, VA) was grown in RPMl 1640 suppIcmcnUMl with \0% heat inac- 
tivated FBS and 5 X 10^^ M 2-ME. The murine monocyte/macrophage 
cell line RAW 264.7 (T1B71; American Type CuUure Collection) was 
grown in DMRM containing 10% FBS. LPS was obtained from Salmonella 
typhosa 0901 (Difco, Detroit, Ml). Anti-CD3 and anti-CD28 Abs were 
kind gifts of Hung Theh and Jim Allison, respectively (both of tJnivcrsity 
of California, Berkeley, CA). Rabbit an ti -hamster Ab was obtained from 
Jackson Immuno Research (West Grove, PA), and anti-fc Ig was obtained 
fmra Southern Biotechnology Aisociates (Birmingham, AL) Cytokine 
levels were measured using the appropriate Genzymc (Fiaminghant, MA) 
ELISA kits. Human peripheral blood T, B, and monocytic cells were iso- 
lated by E-rosetting as described previously (38). For the licB Western blot, 
we used Ab C-21 from Santa Cruz Biotechnology (Santa Cruz, CA). Dex.- 
tran sodium sulfate (DSS) (m.w. = 40,000) was obtained from ICN Bio- 
medical (Costa Mesa, CA). 

EMSA 

A total of 2 X 10^ cells were washed once in PBS followed by preparation 
of nuclear extracts as described (14). The cells were lysed in buffer A (10 
mM HEPES, 1.5 mM MgClj, 10 inM NaCl, 0.25% Nonidet P-40, pH 7.5) 
for 5 min at 4*'C, followed by centrifugation at 4000 rpm for 5 min. The 
supernatant (cytosol) was removed, and the nuclei were extracted with 
buifer C (20 mM HEPES, 25% glycerol, 0.42 M NaCl, 0.2 mM EDTA, L5 
mM MgClj, 0.25% Nonidet P-40, pH 7.5). The nuclei were vortexed vig- 
orously several times over 20 min, followed by centrifugation at 14,000 
rpm for 5 min. The supernatant (nuclear extract) was removed and diluted 
1:2 with buffer D (20 mM J-IEPES, 50 mM KCl, 0.2 mM EDTA, 20% 
glycerol, pH7.5) and then frozen at -SO^'C until use. The "P-labcled 
probes used contained the sequence: NF-fcB, 5 '-AGTTGAGGGGACTT 
TCCCAGG-3'; AP-1, 5'-CGCTTGATGAGTCAGCCGGAA-3'; NF-AT, 
5'-GGA(5GAAAAACTGTTrCATACAGAAGG 3'; and Oct, 5'-TGTC 
GAATGCAAATCACTAGA-3'. A 6% polyacrylamide gel was used with 
0.5X TBE as running buffer to resolve the complexes 

Measurement of cytokine secretion 

RAW 264.7 cells (1 X lO^/well) were preincubated for 2 h with BMS 
205820 peptide before stimulation with LPS (0.5 ng/ml) and additional 
incubation for either 6 or 24 h. The culture supematants were then analyzed 
for IL-IO, lL-2, IL.6, or TNF-a levels by EUSA (Genzyme). 

Mouse T cell purification and proliferation 

To isolate splenic T cells, BALB/c spleens were teased apart and pressed 
through a wire mesh screen. The spleen cells were washed two times, and 
RBCs and other materials were removed using Lympholyte M (Ccdarlane 
Laboratories, Westbuiy, NY J. The spleen cells were enriched for T cells 
using a mouse T cell enrichment cotunm (R&D Systems, Minneapolis, 
MN). The cells were then incubated at 37°C for 3 h with media (RPMJ 
1640 plus 10"/o FCS) plus or minus BMS 214572 at 0.5 or 2.0 ptM. The 
cells were then centrifuged, lesuspended in cither media alone or contain- 
mg the appropriate concentration of peptide, plated into 96-weU plates, and 
stimulated as described in the figure legend. After 72 h, the cells were 
pulsed with f^iljthymidine for 6 h and counts were determined. 

Animal studies 

For the sepsis model, BALB/c mice were administered a bolus injection of 
200 ^g LPS in PBS i.v., and mortality was measured after day 7. For the 
DSS study, Swiss- Webster mice were administered 5% DSS in drinking 
water from day 0 to day 6 and peptide on days 1 -9. On day 1 0, the mice 
were sacrificed, and colons were removed and analyzed for disease. Sec- 
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Table I. Sequences of NLS Peptides 



B.MS-205820 PKKlCRlvV AAVALLPAVLLALl^ PlCKXJlKV 
BMS-214.S72 AK.RVKLAAVALLPAVL1jVLLA AKR VKL 
SV40 GCKi PKKKRKV 
c mvr- AKRVKL 

JBC AAVAI.LPAVI.LALL APVORK.ROKXMP 

MEM AAVALKPAVKIJVLI^ 

The nKmbranc iranslocating hyftrophobic sequence dcnvcd from the predicted 
signal peptide sci^uencc of tihrobla.^ growth facurr is bold. The NI.S derivctl from 
ciiher SV40 large T iintigcn or c-myr arc underlined. The pcpiidcfi without the mem- 
brane tran-slocfltion fwqticnce were LLscd a.s compJiraiivc controls. Tlie peptide con- 
tiimmy fl single NI.S denvcd from hH'-Kn is indicated a.s JBC. 



tions of the entire colon were graded as to the severity of crypt injury and 
degree of inflammation. The crypt injury was scored as follows: grade 0, 
intact crypt; grade 1, loss of the basilar one-third of the crypt; grade 2, loss 
of the basilar two-thirds of the crypl; grade 3, loss of the entire crypt with 
the Kurface epitlielium remaining intact; grade 4, loss of both the entire 
crypt and surface epithelium resulting in an erosion. The scoring severity 
of inflammation was as follows: grade 0, imrcmarkable; grade 1, minimal; 
grade 2, mild; grade 3, moderate; grade 4, severe. Both scores also included 
a measure of the extent (percentage) of involvement as follows: grade 1, 
0 25%; grade 2, 26-50%; grade 3, 5 1-75%; grade 4, 76-100%. The Bnal 
score is the product of cither the inftammatton or injury grade by the grade 
for extent of involvement. 

Results 

BMS 214572 and BMS 205820 inhibit the nuclear localization 
ofNF-KB 

We synthesized a tvamino acid peptide (referred to as BMS 
214572) containing a cell niembrane-translocatiag sequence 
flanked by two nuclear localization sequences derived from c-myc 
(16, 39) (Table I). We show elsewhere using confocal microscopy 
that BMS 214572 is readily taken up by cells within 30 min and 
accumulates in the cytoplasm (Nadler et al., manuscript in prepa- 
ration). In all of the experiments described below, each peptide 
was used at concentrations that were nontoxic, in the time frame of 
the experiment, based on trypan blue exclusion (data not shown). 
In addition, we have also synthesized another peptide, BMS 
205820, that contains the NLS from SV40 large T Ag (16, 40). To 
evaluate the effect of the peptides on NF-kB nuclear translocation, 
we performed EMSA using nuclear extracts from 70Z/3 cells. 
NF-kB activation in these cells has been well studied, making this 
cell line an ideal candidate for these studies. As shown in Fig. 
both BMS 205820 and BMS 214572 potently inhibited LPS-in- 
duced NF-kB translocation in the high nanomolar range. The two 
peptides also inhibited PMA-induced NF-kB translocation; how- 
ever, the concentration of peptides required for inhibition was sev- 
eral-fold higher. The inhibition was selective for NF-kB, as Oct-1 
DNA binding fix)m the same extracts was not affected. The step 
immediately preceding nuclear import is the degradation of IkB 
(subsequent to phosphorylation) to expose the nuclear localization 
sequence on NF-kB (1). As seen in Fig. 15, BMS 205820 at a 
concentration that was shown to inhibit NF-kB translocation did 
not affect the degradation of IkB, indicating that the peptide likely 
inhibits the nuclear import of NF-kB and not an upstream signal- 
ing pathway. 

To assess the effects of the peptides on other cell types, we 
tested the ability of BMS 205820 to inhibit NF-kB in normal hu- 
man PBL as well. As shown in Fig. 2, NF-kB nuclear localization 
in T cells was inhibited only by 2 piM peptide, whereas the B plus 
monocyte cell population was sensitive to inhibition by both con- 
centrations of the peptide. There was no significant effect on the 
nuclear levels of octamer binding protein. Together with the data 
showing differentia] effects on PMA vs LPS nuclear transport. 
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FIGURE 2. BMS 205820 inhibits NF-kB nuclear localization in human 
T, B, and monocytic cells, liuman PBMC were isolated, separated into T 
cell and B cell plui moniH^ytt: subsets by I>rt)seaing tccJmiqacs, and prc^ 
treated for 3 h with either 500 nM or 2 BMS 205820. Hie cells were 
then activated for 1 h with 10 ng/ml PMA plus 1 fxM ionomycin. Nuclear 
extracts were prepared and analyzed by EMS A for presence of NF-kB 
or Oct-1. 
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FIGURE 1. BMS 214572 and BMS 205820 inhibit NF-kB nuclear 
transiocation in 70Z/3 cells. A, Mouse 70Z/3 pre-B cells were pretreated 
with the indicated concentrations of BMS peptides for 3 h before activation 
with JO ng/ml LPS or 5 ng/ml PMA for i h. The cells were lysed and 
nuclear extracts were prepared and analyzed by EMS A for the presence of 
NF-kB or Oct- 1 binding proteins. B. 1Q7J^ cells were treated with 4.0 ^M 
of BMS 205820 before activation with 5 ng/ml of PMA for the indicated 
times. Cytoplasmic extracts were prepared and equal protein levels were 
run in each lane on a SDS -poly aery lamide gel and Western blotted with an 
anti-licB Ab. 



these data suggest there may be different nuclear traniiport path- 
ways in different cell types. The different concentrations of peptide 
reqiiired for inhibition of NF-kB in different cell types and meth- 
ods of stimulation may also be due to different levels of karyo- 
pherins. In fact, we have shown that there is a differential expres- 
sion of karyopherins in different cell types and that stimulation of 
cells with PMA causes a rapid increase in the levels of karyo 
pherins compared with LPS stimuJation (28). 

BMS 205820 inhibits expression of LPS-induced k Ig and other 
cell-surface Ags 

To determine the effect of BMS 205820 on NF-KB-regulated im- 
mune responses in vitro, we used 70Z/3 cells as a model of B cell 
differentiation (41). These cells can be activated to express surface 



IgM, indicative of conversion to a more mature B cell phenotype. 
This increase in surface IgM expression is due to induction of k 
light chain transcription, which is regulated in large part by NF- 
kB. We stimulated 707/3 cells overnight with 500 ng/ml LPS, 
under which conditions —95% of cells become k light chain pos- 
itive (data not shown). Fig. 3A shows that both the L-amino acid 
form and the D-amino acid form of BMS 205820 are equally ef- 
fective at inhibiting LPS-induced k expression. As predicted based 
on its ability to inhibit NF-kB, BMS 214572 was also very effec- 
tive at inhibiting surface k expression. In contrast^ the single NLS 
L-amino acid JBC peptide was significantly less inhibitory, as were 
the SV40 and translocation peptide controls. 

70Z/3 cells can also be induced by IFN-7 to express surface k 
Ig. IFN-y is known to activate the Jak/STAT transcription factor 
pathway, which is NF-kB independent (42). Interestingly, we 
found that IFN-')^induced k expression was not affected by BMS 
205820 (Fig. 35), suggesting that the peptide inhibition is indeed 
selective for the NT-KB-mediated signaling pathway. 

Besides k Ig, other genes with putative NF-kB binding sites 
include cell-surface molecules involved in immune function such 
as CD40, class I and class 11 MHC, and cell adJicsion molecule 
CD-54 (1, 2) We examined the effect of the peptide on siuface 
levels of these molecules and found that BMS 214572 was effec- 
tive at inhibiting LPS-induced but not IFN-y-induced surface ex- 
pression of CD40, class I MHC, and CD54, whereas class II MHC 
was not affected (data not shown). 

To determine whether the peptide could inhibit an ongoing im- 
mune response, we treated 70Z/3 cells with the peptide at various 
times afler LPS activation. BMS 205820 was able to maximally 
inhibit k expression only when added before or at the same time as 
the LPS stimulus (Fig. 3C); the inhibitory effect of the peptide 
decreased when added after NT-kB activation. These data are con- 
sistent with the hypothesis that the peptide is inhibiting transloca- 
tion of NF-kB to the nucleus rather than interfering with later 
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FIGURE 3. BMS 214572 and BMS 205820 peptides inhibit LPS- but not 1 FN --y- induced k Ig light chain ejcpression on 70773 cells, and inhibition 
decreases when added after LPS activation. A, Mouse 70Z/3 pre-B cells were pretreated with the in<licated concentrations of BMS 205820, BMS 214572, 
or various control peptides for 3 h followed by overnight activation with 500 ng/inl LPS. Cells were stained with a Fl LC-aiiti-K Ig (Soiitiiem Biotechnolog> 
Associates') and analyzed by FACS. The SV40 single peptide was not used above 1 due to cytotoxicity. Data are expressed as mean ± SD. 70Z/3 
cells were pretreated with the indicated concentrations of BMS 205820 peptide for 3 h before overnight stimulation with either 500 ngW LPS or 50 U/ml 
IFN-T Cells were sUiincd and analyzed as above. Q 70Z/3 cells were treated widi 2 ^.M BMS 205820 at tlie indicated time relative to LPS activation. The 
cells were tiien activated overnight with 500 ng/ml LPS and stained and analyzed as above. Data are expressed as mean ± SD. 



events such as DNA binding or cellular processes in general. In 
fact, we have shown that there was no effect on NF-kB binding to 
DNA at concentrations of peptide up to 1 /xM (data not shown). 

BMS 205820 and BMS 214572 inhibit proinflammatory cytokine 
production 

Production of proinflammatory cytokines by monocytes is known 
to be regulated by transcription factors such as NF-kB. TNF~a, in 
particular, appears to be involved in disease states such as rheu- 
matoid arthritis, inflammnatory bowel disease (IBD), and septic 
shock (1, 43). Therefore, we examined the effect of BMS 205820 
on TNF-a and IL-6 cytokine production induced by LPS activation 
of RAW 264.7 cells. As shown in Fig. 4, BMS 205820 at 5 p.M 
nearly completely inhibited both TNF-a and IL-6 production in 
response to LPS. BMS 214572 had a similar ability to suppress 
TNF-a production, in contrast, neither the c-myc nor SV4() single 
NTS peptide had much effect in these assays. 

Effect of BMS 214572 on T cell proliferation 

To assess the peptide effect on other cells of the immune system, 
mouse splenic T cells were examined in a proliferation assay. As 
shown in Fig 5A, when T cells were stimulated with anti-<:D3 plus 
anti~CD28, pretreatment with increasing amounts of peptide re- 
sulted in an augmentation of proliferation. However, when cells 
were stimulated instead with PMA plus anti-CD28, the peptide 
effect was reversed and T cell proliferation was inhibited. Both 
effects were most dramatic when low concentrations of the stimuli 
were used {data not shown). There was no toxicity observed in the 
time frame of the experiment. One explanation for these divergent 




[Peptide] micromolar 

FIGURE 4. BMS 214572 and BMS 205820 inhibits LPS-induced lL-6 
and TNF-ft production in RAW 264.7 cells. Mouse RAW 264.7 celLs were 
pretreated with the indicated concentrations of peptides for 3 h followed by 
activation with 10 ng/ml LPS for 6 h. The cell supematanls were liarvested 
and (A) TNF-cr and {B) lL-6 c>lokine levels were measured by ELISA. 
Data arc expressed as mean ± SD. 
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FIGURE 5. BMS 214572 afl'ects mouse splenic T cell piolifcration and transcription factor nuclear localization. A. Splenic T cells from BALB/c mice 
were isolated and pretreated with either 0.5 or 2.0 jllM peptide for 2 h followed by activation with either anti-CD3 alone (1.25 ;ig/ml), PN4A alone (1 ng/ml), 
anti-CD3 plus anti-CD28 (1.25 n^m\ each), or anti-CD28 plus PMA (0.5 mg/mJ and 1 ng^mJ, respectively). Proliferation was detennined after 72 h by 
pulsing for 8 h with [^U] thymidine. Data are expressed as mean ± SD. B, EMSA analysis of mouse T cell nuclear extracts, T cells were pretreated with 
2 fiM BMS 214572, activated as described above, and nuclear extracts were prepared. An EMSA analysis was performed and the gels analyzed and 
quantified by phosphorimager analysis (Molecular Dynamics, Sunnyvale, CA). Unactivated cells were assigned a phosphohnager (PI) unit of 0. 



effects is that the CDS plus CD28 activation pathway is caJcium 
dependent and partially cyclosporin A sensitive and therefore sig- 
nals predominantly through a different transcription factor such as 
NF-AT (44, 45). BMS 214572, by inhibiting NF-kB signaling, 
may act to indirectly enhance NF-AT-mediated T cell activation. 
In contrast, PMA plus anti~CD2 8 -induced proliferation, which is 
cyclosporin A resistant, may be more NF-kB dependent. There- 
fore, peptide inhibition of T cell activarion would be more evident 
imder these conditions. 

We addressed this possibility by testing the nuclear extracts 
from these treated cells in EMSA to determine whether inhibition 
of NF-kB activarion correlated with inhibition of proliferation. We 
observed that stimulation of T cells with PMA plus anti-CD28 
resulted in significant NF-kB activation^ and to a greater extent 
than anti-CD3 plus anti-CD28 activation, as shown in Fig. 5B. 
When cells were pretreated with BMS 214572 under these condi- 
tions, NF-kB activation was inhibited Although stimulation of T 
cells with anti-CD3 plus anti-CD28 resulted in a much lower level 
of NF-kB activation compared with PMA plus anli-CD28, pro- 
treatment with peptide to a limited extent inhibited activation by 



this stimulus as well. Both methods of stimulation resulted in sim- 
ilar levels of NF-AT activation. Interestingly, we fotmd that there 
was an increase in binding of nuclear extract proteins to an NF-AT 
DNA probe when cells were treated with peptide. 

These data are consistent with the hypothesis that PMA plus 
CD28 stimulation signals primarily through the NT-kB pathway, 
unlike CD3 plus CD28 stimulation, which signals mainly through 
a non-NT-KB pathway. In addition, we examined Oct-1 activation 
and fotmd littie effect of the peptide on this transcription factor, 
further demonstrating the specificity of the peptide for NF-kB 
(data not shown). Possible explanations for the differential effects 
on proliferation induced by the two treatments are discussed 
below. 

BMS 205820 inhibits in vivo inflammatory responses 

Because of the intriguing in vitro restilts reported above, we were 
interested in the effect of the peptide on in vivo models of disease. 
As shown in Table II, BMS 205820 was able to significantly pro- 
tect mice from death in a murine model of septic shock (46). Be- 
cause the biologic consequences of sepsis are widely thought to 
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involve proinflammatory' cytokines such as TN^'-a, we also treated 
mice with a nonlethal dose of LPS and measured cytokine levels. 
Hvfl^-a levels in these mice were shown to be suppressed by pep 
tide treatment. IL-6 levels were only slightly affected, and IL-10 
levels were significantly enhanced (i^ig. 6). Similar to the peptide- 
induced increase on anti-CD3 plus anti~CD28-mediated T cell pro- 
liferation, it is possible that NF-kB acts in a negative fashion to 
limit IL-IO production. The efficacy of the peptide inhibitor in the 
sepsis model suggests it may play a role in treatment of this 
disease. 

Wc also tested the peptide in a second model of inflammation, 
the well-established mouse DSS-induced IBD model. The mouse 
DSS model lias been shown to mimic many of the pathologies seen 
in ulcerative patients and some of which are seen in Crohns disease 
as well (47). Disease induced by DSS is characterized by epithelial 
damage, transmural inflammatory infiltrate, and lymphoid hyper- 
plasia. As seen in Fig. 7 (top), there were dramatic changes in the 
histopafhology of the colons of DSS-treated mice before and after 
per OS or i.v. treatment with peptide. These changes are quantified 
in Fig. 7 {bottom), which illustrates a pepti de-mediated decrease in 
both the inflammation and injury scores of the diseased colon. 
These data demonstrate that BMS 205820 is efficacious m this 
mouse model of IBD. 

Discussion 

This is the first report describing the in vitro and in vivo effects of 
an intracellular targeted t>-amino acid peptide inhibitor of NF-kB, 
Most of the previously described inhibitors of NF-kB have been 
shown to act on the early stages of NF-kB activation (8-13). The 
peptide we designed acts at the more dowTistream event of nuclear 
translocation; hence, this peptide inhibitor represents a novel 
means of modulating transcription factor activity. 

The mechanism of action of the peptides is established; we have 
shown that BMS 214572 and BMS 205820 block the nuclear lo- 
calization of NF-kB. There was also a dose response relationship 
between inhibition of NF-kB nuclear translocation and the down- 
stream effect on k light chain production (Fig. 1, left vs Fig. W). 
This inhibition was selective for NF-kB, as translocation of other 
nuclear transcription factors such as Oct-1 and NF-AT was not 
significantly inhibited. In addition, there was no effect of the i>ep- 
tides on IFN-y/STAT-mediated processes. While our data suggest 
that these peptides are specific for inhibition of NF kB, we cannot 
rule out the possibility that the localization of other proteins is 
affected as well. Wc predicted the effect would be most specific for 
NF-kB due to its proposed lower affmity interaction (compared 
with other transcription factors) for karyopherin a. Torgerson et al. 
(34) recently reported that an NLS peptide based on the Nb^-KB 
p50 sequence attached to the fibroblast growth factor translocation 
sequence inhibited the nuclear translocation of several transcrip- 
tion factors. Those results could be attributed to the different pep- 
tide sequences used in their studies and suggest that there are mul- 
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FIGURR 6. BMS 205820 modulates cytokine levels in vivo. BALB/c 
mice were administered 1 /ig LPS i.v. and a single dose of peptide (5 
mg/kg) was administered immediately thereafter. Blood samples were 
taken at the indicated times and cytokine levels were measured by ELISA. 
Data are expressed as mean ± SD. *, < 0.0001 between control and 
peptide treated samples using a one-way AN OVA. 



tiple pathways and various ways to modulate the import process. 
Indeed, we found that the SN50 peptide reported by Torgerson et 
al. (34), which has the identical sequence to the JBC peptide 
reported herein, was '--35-fold less effective at inhibiting k Ig ex- 
pression compared with BMS 205820. These differences in po- 
tency may contribute to the differences in selectivity seen with 
these two peptides. In addition, SN50 may bind to different arma- 
dillo motifs on karyopherin relative to BMS 205820, resulting in 
differences in selectivity as well. 

The inhibition by BMS peptides does not appear to be due to a 
toxic effect, because cell viability and global protein levels, both 
cytoplasmic and nuclear, were unaffected (data not shown). Not all 
NF-KB-regulated biological functions were affected by the pep- 
tides, and some were affected to varying degrees, possibly because 
redundancy within the cell allows other transcription factors to 
compensate for the loss or inhibition of NF-kB. One example is the 
lack of inhibition of LPS-induced class II expression that is re- 
ported to be regulated by NF-kB. In addition, the peptide-mediated 
inhibition was overcome when higher doses of LPS were used to 
stimulate cells, suggesting that NT-KB-mediated immune re- 
sponses may require a threshold level of NF-kB to activate tran- 
scription (data not shown). Alternatively, higher concentrations of 
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FIGDRK 7. BMS 205820 is eflic;*- 
cious in a mouiic DSS- induced IBD 
model A. Colon froTn an untreated 
Swiss- Webster mouse (i.e., no DSS). 
There arc no histomorphologic 
changes. B. Colon from a mouse re- 
ceiving 5% DSS and treated with 
PBS. lliere is a broad-based ulcer 
characterized by disruption of the mu- 
cosal epithelium and loss of glandular 
crypts. The lamina propria contains 
incipient fibrous connective admixed 
with moderate numbers of lympho- 
cytes, macrophages, and neutrophils. 
C Colon from a mouse receiving 5% 
USS and oral adjnini strati on of BMS 
205820 at 5 mg/kg. Tliere is mild 
glandular loss with minimal inflam- 
mation in tlic lamina propria. D. Co- 
Ion from a mouse receiving 5% DSS 
and i.v. BMS 205«20 at 0.3 mg/kg. 
The glandular epithelium is intict and 
few inflammatory cells are present in 
the lamina propria,, All sections 
stained with hematoxylin and cos in 
with similar magnification; bar in D, 
75 fi,m. Bonnm, injury and inflamana- 
tion scores from DSS with or without 
peptide- treated mice. The scores were 
derived as described in Materials and 
Methods. Data expressed as mean ± 
SD. *, p ^ 0.01, difference between 
control and peptide-treated samples 
using a multiple ANOVA analysis. 
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LVS may trigger other signaling pathways that are able to mediate 
The same biological events. These possibilities are being examined. 

The peptide inhibitor of NF-kB that we describe in this report 
has yielded some surprising results with respect to the modulation 
of immune responses, compared with other inhibitors of NF-kR 
We have begim to determine a molecular basis for the differential 
effects of the peptides on T cell proliferation The effects do not 
appear to be due to changes in IL-2 or IL-4 because the levels of 
these cytokines were not significantly altered by peptide treatment 
(data not shown); effects on the syr.thesis of other cytokines are 
presently being investigated. Although IL-2 has been reported to 



be regulated by NF-kB, we have foimd that peptide inhibition of 
NF-kB did not affect IL-2 levels in mouse cells. This suggests that 
other transcription factors such as NF-AT may be suliicienl for 
driving transcription of tlie IL-2 gene. With respect to the stimu- 
lation of proliferation by the peptide upon CD3 plus CD28 acti- 
vation, it is possible that NF-kB may be acting as a negative reg- 
ulator of transcription. Inhibition of NF-kB by the peptide may 
actually enhance transcriprion of certain genes. In fact, Casoiaro et 
al (48) have shown that NF-kB inhibits NF- AT -driven transcrip- 
tion in particular T cell subsets We also found that the peptide 
enhanced NF-AT DNA binding, although at this point we do not 
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have an explanation for thes<; results. Additional studies on the 
effects of the peptides on T cells should fiirthcr our understanding 
of the role of NF-kR on T ccJl responses. 

The emcacy exhibited by ihc NLS peptides ni two important 
established in vivo models of inflammatory disease is encouraging, 
Not only were animals protected from septic shock death, but 
TNF-rt, which is one oftJic players implicated in septic shock, was 
significantly decreased whereas IL 10 levels were dramatically en- 
hanced Fk^cause IL IO is antiinflammatory, its presence serves to 
limit the production of proinflammatory cytokines. Interestingly, 
compounds such as SR31747A, glucocorticoids, and cAMP en^ 
hancing agents (49) also cause inhibition of TNF or and concom- 
itant increases in lL-10 in response to LPS (50). Some of these 
compounds have also been shown to inhibit NI kB. The effects on 
IL IO may cither be transcriptionaJ or a secondary effect of de- 
creasing TNF-a levels. Reports describing high levels of activated 
HF-kB in the inflamed bowels of Crohn's disease patients as well 
as enhanced expression of NF-KB-regulated proinflammatory cy- 
tokines such as JL'l and TNF"« implicate the transcription factor 
as a key player in IBD (51, 52). Because of the fundamental roles 
of IL-1 and TNF-a in the inflammatory response, inhibition of 
these cytokines would be expected to provide effective treatment 
of IBD. In fact, local administration of antisense oligonucleotides 
targeted against p65 NF-kB abrogated established intestinal in- 
flammation in mice, providing direct evidence for the importance 
of NF-kB in IBD (53). Remarkably, the BMS 205820 peptide was 
efificacious when administered i.v as well as when administered 
orally. Because of the resistance of the D-amino acid peptide to 
proteolysis, we believe that the peptide may be acting topically at 
the site of inflammation in the colon. The DSS model is very 
stringent, and, in fact, standard therapies such as steroids are not 
effective in this model although they are potent antiinflammatory 
agents in humans. That BMS 205820 is efficacious in this model 
suggests it may be quite potent and indicates its potential utility in 
treating inflammatory disease patients. In order for this peptide to 
be used clinically it must first be shown to be safe in animals. A 
5-day i.v. dosmg study in rats at doses up to 10 mg/kg showed no 
toxicities or histopathologic changes (data not shown). In addition, 
a 2-wk oral dosing study in mice up to 20 mg/kg showed no overt 
signs of toxicity or histopathologic changes, indicating tliat this 
compoimd is safe in animals. In both of these toxicology studies, 
a detailed histopathologic analysis of all organs and leukocytes 
was performed. 

Our work using cell-permeable nuclear-targeted D-amino acid 
NLS peptides presents a useful tool for studying gene transcription 
and downstream intracellular processes specific to a single tran- 
scription factor. We have shown that these peptides inhibit a va- 
riety of NF-kB -dependent immime responses in several different 
cell types, both in vitro and in vivo. Based on these results, we 
propose that these peptides have potential as novel immunomodu- 
latory therapeutic agents. Future studies will deteimine w^hether 
modulating gene expression at the level of nuclear transport is 
applicable to transcription factors other than NF-kB (54). 
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